We elaborate the model of accretion disks of young stars with the fossil large-scale magnetic field in the frame of Shakura and Sunyaev approximation. Equations of the MHD model include Shakura and Sunyaev equations, induction equation and equations of ionization balance. Magnetic field is determined taking into account ohmic diffusion, magnetic ambipolar diffusion and buoyancy. Ionization fraction is calculated considering ionization by cosmic rays and X-rays, thermal ionization, radiative recombinations and recombinations on the dust grains.
Introduction
Observations indicate that stars born at present time in magnetized rotating cores of molecular clouds (Shu et al. 1987; Dudorov 1991 Dudorov , 1995 McKee and Ostriker 2007) . Centrifugal and electromagnetic forces lead to the formation of a disk-like structure during the gravitational collapse of the molecular cloud cores. Evolution of accretion disks depends on efficiency of angular momentum removal. Turbulence, magnetic braking and outflows are the most important mechanisms of angular momentum transfer in accretion disks of young stars. Turbulence in accretion disks comes probably from magnetorotational instability (MRI, Balbus and Hawley 1991) . Magnetic braking mechanism is based on the process of angular momentum transfer by torsional Alfven waves (Alfven 1954) . Centrifugally driven winds arise when ordered magnetic field lines are inclined more than 30 degrees from vertical (Blandford and Payne 1982) . Efficiency of angular momentum transport depends on strength and geometry of the magnetic field.
Numerical simulations indicate that initial magnetic flux of molecular clouds cores is partially conserved during the process of star formation (e.g., Dudorov and Sazonov 1987) . Dudorov and Zhilkin (2008) shown that the initially uniform magnetic field acquires hour-glass geometry during protostellar cloud collapse. Collapsing protostellar cloud with magnetic field evolves into flat structure according to numerical simulations of Dudorov et al. (2003) . They shown that the collapse of the clouds with strong magnetic field switches to the magnetostatic contraction into oblate self-graviting structures. These numerical simulations show that accretion disks of young stars should have fossil magnetic field. In other words, the magnetic flux of accretion disks is the relic of parent protostellar clouds magnetic flux.
There are some observational confirmations of predictions of the fossil magnetic field theory (Dudorov 1995) . Girart et al. (2006) found hour-glass shaped geometry of the magnetic field in the low-mass protostellar system NGC 1333 IRAS 4A using the Submillimeter Array polarimetry observations at 877 µm dust continuum emission. Chapman et al. (2013) found some evidence of correlation between core magnetic field direction and protostellar disk symmetry axis in several low-mass protostellar cores using the SHARP polarimeter at Caltech Submillimeter Observatory at 350 µm dust continuum emission. Donati et al. (2005) probably detected magnetic field with azimuthal component of order of 1 kGs in the FU Orionis accretion disk. Observational data are scanty, so theoretical investigation of magnetic field of accretion disks of young stars is the important problem.
Dragging of the magnetic field in the accretion disks has been investigated in several works. Lubow et al. (1994) , Agapitou and Papaloizou (1996) considered bending of the initially vertical weak magnetic field in infinitesimally thin viscous disk. They pointed out that inclination of poloidal magnetic fields lines and wind launching possibility depend on magnetic diffusion efficiency which is characterized by the magnetic Prandtl number P. Reyes-Ruiz and Stepinski (1996) showed that in the case of rotating disk, in addition to radial magnetic field component, strong toroidal component of the magnetic field is also generated when magnetic diffusion is feeble, P ≫ 1. Shalybkov and Rüdiger (2000) investigated steady-state structure of the accretion disk at the presence of dynamically important magnetic field. They found that sufficient inclination of the poloidal magnetic field lines to rotation axis is achieved also in the case of intermediate magnetic diffusion efficiency (P ≃ 1). Guilet and Ogilvie (2012) pointed out that the accretion disk vertical structure has great effect on the magnetic flux evolution. In the limit of high conductivity, Okuzumi et al. (2013) obtained analytical profile of the vertical component of the magnetic field, B ∝ r −2 , that follows from magnetic flux conservation and gives upper estimation of the magnetic field strength in accretion disks, 0.1 Gs at 1 AU and ∼1 mGs at 10 AU.
Ohmic dissipation (OD), magnetic ambipolar diffusion (MAD), turbulent diffusion and buoyancy are the basic dissipation mechanisms limiting fossil magnetic field during protostellar cloud collapse and subsequent accretion (e.g., Dudorov and Sazonov 1987) . Efficiency of OD and MAD depends on the ionization fraction. Cosmic rays (Gammie 1996) and stellar X-rays (Igea and Glassgold 1997) ionize effectively only surface layers of accretion disks of young stars. Regions of low ionization fraction ("dead" zones) arise near accretion disk midplane under such circumstances. Magnetic diffusion suppresses MRI in the "dead" zones. Turbulence attenuation in the "dead" zones favours matter accumulation, gravitational instability and planet formation (e.g., Armitage 2010) . There are three important non-ideal magnetohydrodynamical (MHD) effects operating in accretion disks: OD, MAD and Hall effect (e.g., Wardle 2007) . Efficiency of MAD and Hall effect depends on magnetic field strength. Geometry of the magnetic field also plays crucial role in the producing of MRI-induced turbulence. Simon et al. (2013b) showed that the vertical magnetic field enhances turbulent stresses comparing to the case with the purely toroidal magnetic field.
Global numerical investigations of magnetized accretion disks and "dead" zones were performed in the ideal MHD limit (Fromang and Nelson 2006) and in resistive limit (Dzyurkevich et al. 2010 ) with magnetic field strength being free parameter. Bai and Stone (2011) , Simon et al. (2013a,b) performed calculations with MAD in the frame of the local shearing-box approximation with fixed magnetic field strength and/or geometry.
Numerical modelling of magnetized accretion disks is still challenging problem, so semi-analytical models are widely used such as the minimum mass solar nebula model (MMSN, e.g., Weidenschiling 1977 ) and α-model of Shakura and Sunyaev (1973) . Investigations of "dead" zones in accretion disks in most cases use MMSN model (Sano et al. 2000; Bai and Goodman 2009; Mohanty et al. 2013 ) or α-model (Gammie 1996; Fromang et al. 2002; Terquem 2008; Martin et al. 2012) . Large-scale magnetic field is ignored in these models. Prescribed magnetic field is also used in the models of magnetically driven winds (e.g., Königle and Pudritz 2011) . Recently, Bai and Stone (2013) and Bai (2013) performed numerical simulations in frame of local "shearing-box" approximation and showed that angular momentum transport is driven by magnetocentrifugal wind in the laminar "dead" zones, while MRI operates outside these regions.
There are several papers concerning computation of the magnetic field of accretion disks. De Kool et al. (1999) constructed accretion disk model taking into account MHD turbulence. In order to incorporate magnetic field into the model, they used proportionality of the magnetic stresses and the Reynolds stresses (Stone et al. 1996) . Martin et al. (2012) used similar approach in order to determine "dead" zones boundaries. Vorobyov and Basu (2006) estimated vertical magnetic field B z in the accretion disk assuming flux freezing and using the mass-to-flux ratio λ = 2πG 1/2 Σ/B z (Nakano and Nakamura 1978) , where Σ -accretion disk surface density. Shu et al. (2007) made analytical estimations of vertical component of magnetic field from the equation of centrifugal balance in protoplanetary disk diluted by poloidal magnetic tension. They neglected azimuthal magnetic field component.
We investigate the strength and geometry of the fossil large-scale magnetic field of accretion disks of young stars taking into account ohmic diffusion, magnetic ambipolar diffusion and buoyancy. The accretion disk model is based on the approximations of α-model (Shakura and Sunyaev 1973) . We adopt kinematic approach and neglect magnetic field influence on the accretion disk structure. Ionization equations include shock ionization by X-rays, cosmic rays and radionuclides, thermal ionization, radiative recombinations and recombinations on the dust grains. Characteristics of "dead" zones in accretion disks of young stars are investigated in the frame of the elaborated model. The paper is organized as follows. In section 2, we formulate basic equations of our model. In section 3, we obtain and analyse analytical solution of the model equations. Results of numerical calculations of the magnetized accretion disks structure are presented in the section 4. In section 5, results of investigation of "dead" zones characteristics are presented. We summarize and discuss our results in section 6.
Accretion disk MHD model

Basic equations
In order to investigate the dynamics of accretion disks with large-scale magnetic field, we consider equations of magnetohydrodynamics (Landau et al. 1984) taking into account ohmic and magnetic ambipolar diffusion (Dudorov and Sazonov 1987) 
where ρ, V P , ε -density, velocity, pressure and internal energy density of the gas,σ ′ -viscous stress tensor, Φ -gravitational potential, B -magnetic induction vector, V ad -ambipolar diffusion velocity, ν m -ohmic diffusion coefficient, F -energy flux density,
F rad -radiation energy flux density. Coulomb conductivity σ of the partially ionized plasma (Pikelner 1961 )
where T -gas temperature, x -ionization fraction.
Magnetic viscosity is
Magnetic ambipolar diffusion is the joint drift of charged particles through neutral gas under the action of electromagnetic force (MAD hereafter). Stationary MAD velocity (e.g., Dudorov and Sazonov 1987) 
where
-ion-neutral interaction coefficient, neutral particle mass m n = 2.3 m H , mean ion mass m i = 30 m H , m H -hydrogen atom mass, ion-neutral collision coefficient σV in = 2.0 × 10 −9 cm 3 s −1 (Osterbrock 1961 ).
Kinematic MHD model of accretion disk
In the kinematic approximation we neglect the electromagnetic force in the equation of motion comparing to the gravity force. In cylindrical coordinates system (r, ϕ, z), velocity components V = (V r , V ϕ , V z ) and magnetic induction components B = (B r , B ϕ , B z ). Self-gravity of the disk is neglected. Gravitational potential of the star with mass M
We assume that star has dipole magnetic field
where B s is the the magnetic induction on stellar surface, R s -stellar radius. Equations of continuity (1), motion (2) and energy (3) in axisymmetric case (∂/∂ϕ = 0) are reduced to
where operator
Radial energy flux density
Toroidal stress tensor component
where η v -dynamical viscosity coefficient, Ω = rV ϕ -angular velocity. Induction equation (4) can be written in the following way, after substituting (8) into it,
where effective magnetic diffusion coefficient is introduced
and
-MAD coefficient. Induction equation (20) in cylindrical coordinates has the following components
Accretion disk structure
We consider geometrically thin (z ≪ r), optically thick accretion disk in steady state (∂/∂t = 0). Velocity components in the accretion disk satisfy the relations:
Convective terms in equations (13-15) are negligible. Therefore and dimensional splitting of these equations can be realized. We solve equations of radial and vertical structure of accretion disk independently. Continuity equation (12) expresses conservation of radial mass flux
In the stationary case, equation (13) reduces to balance of centrifugal force and the radial component of the gravity force implying that the disk rotates with the angular velocity
where Ω k = GM/r 3 -Keplerian angular velocity. Equation (15) transforms to the hydrostatic equilibrium equation that has the solution
where H is the accretion disk scale height,
We use equation of state P = ρV 2 s in equations (28-29), where V s = R g T /µ is the isothermal sound velocity, R g -universal gas constant.
Specific angular momentum ρΩ 2 r transfer in the accretion disk is described by ϕ-component of the equation of motion (14) that reduces to
In frame of Shakura and Sunyaev model, molecular viscosity coefficient in (19) is replaced by turbulent viscosity that is defined as
where turbulence parameter α = V t /V s , V t -turbulent velocity. Radial angular momentum transport by turbulent stresses leads to corresponding energy redistribution. Substituting radiation energy flux in diffusion approximation
into the energy equation (16) together with (18), we get
where κ is the opacity coefficient, σ sb -StephanBoltzmann constant. Turbulent stresses must vanish at the accretion disk inner boundary. We derive following equations from (26, 30, 33) in this casė
Equations (34-36) supplemented by (27) and (29) represent standard equations system of Shakura and Sunyaev α-model. Equation (34) is derived from (26) with the help of integration over accretion disk scale height H. This equation determines relation between accretion rateṀ and surface density Σ = 2 ρ H, where ρ -zaveraged density. Equation (35) is the angular momentum conservation equation integrated over H, where f ≡ 1 − r in /r, r in -accretion disk inner boundary. Energy equation (36) is valid in the optically thick accretion disk. Energy spectrum of the accretion disk is characterized by effective temperature determined from the equation
reflecting balance between rate of viscous heating per unit of the accretion disk surface (right-hand side) and black body radiation energy flux density (left-hand side). Note that equations (29, 34) and (35) imply that
i.e. V r ≪ V ϕ in geometrically thin disk, since α < 1, H ≪ r. We specify opacity coefficient
in order to close equations system (27, 29, (34) (35) (36) describing radial accretion disk structure. Parameters a, b, κ 0 are evaluated according to Semenov et al. (2003) . These constants are listed in the table 1. Dust grains consisting of ices, organic material, iron and silicates are the dominant opacity agents at the low temperatures (T < 2000 K, rows 1-5 in the table 1). Adopted dust composition is in qualitative agreement with composition of recovered fragments of the Chelyabinsk meteorite (Popova et al. 2013) . Opacity coefficient does not depend on density in this temperature range. Dust is evaporated at 2000 K and molecular opacities become dominant up to temperatures of molecules dissociation T = 3000 K (row 7 in the table 1). Ionized gas opacities dominate at higher temperatures (rows 8-9 in the table 1). Accretion disks withṀ lower than few 10 −8 M ⊙ /yr are passive in terms of heating mechanism (e.g., see Armitage 2010) . Reprocessing of stellar radiation at large distances from the star must be included in the model. We adopt simple analytical profile of irradiation temperature (Hayashi 1981 )
where L ⋆ is luminosity of the star.
Ionization fraction
Magnetic diffusion efficiency depends on the ionization fraction (see equations (6-8)). We adopt ionization model from Dudorov and Sazonov (1987) . Ionization fraction at low temperatures is calculated from the equation of ionization balance taking into account radiative recombinations and recombinations on the dust grains. We considered that ionization fraction at low temperatures is determined mainly by hydrogen collisional ionization, where x s = n e /n -ionization fraction, n -gas number density, ξ -ionization rate. Equation (41) implies that ionization fraction of all species is equal to hydrogen ionization fraction. Radiative recombinations coefficient according to Spitzer (1978) α r = 2.07 × 10
Numerical factor Φ(T ) = 3.0 in temperature range 10 K ≤ T ≤ 10 3 K and Φ(T ) = 1.5 in temperature range 10 3 K ≤ T ≤ 10 4 K. Coefficient of recombinations on dust grains,
where X g = n g /n H -relative abundance of the dust grains, σ g -grain cross-section, V ig -ion-grains relative velocity. We adopt dust-to-gas mass ratio Y g = 0.01 and fiducial dust grains size a d = 0.1 µm. Piecewise linear approximation of the temperature dependence of coefficient α g is used in order to take into account dust grains evaporation. Recombination coefficient α g = α g0 = 4.5 × 10 −17 cm 3 s −1 at temperatures less than ice evaporation temperature T = 150 K. It linearly decreases with temperature down to the value α gm = 3.0 × 10 −18 cm 3 s −1 in range T ∈ [150, 400] K. Then α g = α gm right up to T = 1500 K, and α g linearly decreases with temperature from α gm down to 0 in temperature range T ∈ [1500, 2000] K.
We do not take into account dissociative recombinations. We focus on the calculation of the intensity and geometry of the magnetic field in the limiting cases of high and low ionization fraction. Recombinations on dust grains determine minimal ionization fraction, and radiative recombinations determine maximal ionization fraction. Dissociative recombinations correspond to the intermediate case, so this mechanism will not change qualitative picture of our results.
Equation of ionization balance (41) has two asymptotics. In the radiative recombinations case, α g = 0,
i.e. ionization fraction is inversely proportional to the square root of number density. In the case of recombinations on dust grains, α r = 0,
ionization fraction is inversely proportional to the number density. Dependences (44) and (45) can be generalized as
where q = 1/2 in the case of radiative recombinations (x r ), q = 1 in the case of recombinations on dust grains (x d ).
Temperatures around the inner boundary of the accretion disk may be high enough to enable thermal ionization of metals and hydrogen. Thermal ionization fraction x T j of the j-th element is calculated from Saha equation
-total ionization fraction, g 0 j and g + j -statistical weights of neutral and ionized atoms of type j, m eelectron mass, k -Boltzman constant, h -Planck constant, ν j = n
Lj−12 and χ j -relative abundance and ionization potential of j-th element, respectively, L j -corresponding abundance logarithm. "Mean" metal with χ Me = 5.76 eV and L Me = 5.97 is considered for simplicity. Ionization potential and abundance logarithm of "mean" metal are calculated as the weighted average of corresponding parameters of Potassium, Sodium, Magnesium, Calcium and Aluminium (Dudorov and Sazonov 1987) . In addition, we take into account thermal ionization of hydrogen and helium. In the case of thermal ionization of Potassium, we get the following analytical solution of the Saha equation
Magnetic field
Radial advection and diffusion of B r and B ϕ are negligible in the geometrically thin disk. Condition div B = 0 gives that B z does not depend on z in adopted approximations. Then equations (23-25) are transformed in the stationary case to
Anisotropy of the magnetic ambipolar diffusion is determined by the derivatives in the equations (50-52). Equations (50-51) imply that B r and B ϕ are determined from balance between advection of B z in r and ϕ directions and diffusion of B r and B ϕ in z direction. Magnetic ambipolar diffusion of B z takes place in r direction, as equation (52) shows. Fossil magnetic field has equatorial symmetry so that B r (z = 0) = 0 and B ϕ (z = 0) = 0. Then, solution of (50-51) in the thin disk approximation can be written as
Expressions (53-54) evaluate radial and azimuthal components of magnetic field at height z above the midplane. Equations (53-54) together with the equation (38) imply that
In previous works (Dudorov and Khaibrakhmanov 2013a,b) we have proposed that vertical magnetic field component in accretion disk is frozen-in. Neglecting diffusion of B z in r direction, we derive from (25)
Equations (56) and (34) give
where B z0 and Σ 0 are some typical values determined by initial conditions. Let us assume that accretion disk is formed in process of magnetostatic contraction of protostellar cloud. Then initial magnetic induction in the accretion disk may be estimated using dependence (e.g., Dudorov 1991)
where B c and ρ c are initial magnetic induction and density of protostellar cloud. Typical values are B c = 10
Gs, n c = 10 5 cm −3 (Crutcher et al. (2004) ), so estimation of frozen-in magnetic field at the distance 1 AU is (adopting ρ ≃ 10 −13 g cm −3 )
Solution (57) is valid only in the regions of high ionization fraction, where magnetic diffusion is inefficient. MAD is efficient if MAD time scale τ ad is of the order of magnetic field generation time scale τ z (Nakano and Tademaru 1972) . Vertical magnetic field component is amplified due to accretion with the velocity V r . Magnetic ambipolar diffusion of the vertical magnetic field component takes place in the r direction. Thus, we define τ z = r/V r and τ ad = r/(V ad ) r , so that
We get from equality between τ z and τ ad (or, equivalently, velocities V r and (V ad ) r )
We derive power-law dependence of B z on density from (61) using (38) and (46),
For example, formula (62) gives in the case of recombinations on dust grains at ξ = 10
i.e. MAD leads to nearly order of magnitude reduction of B z at 1 AU comparing to the frozen-in magnetic field. Ohmic dissipation also operates in the regions of low ionization fraction. Time scale of OD in radial direction
in the case of recombinations on dust grains at ξ = 10 −17 s −1 , α g = α g0 . According to this estimation, OD can be efficient in accretion disks. We believe that efficient OD of B z field prevents amplification of magnetic field in regions where τ OD is lower than accretion disk life time t disk , so estimation (61) remains valid.
Analytical solution
Equations system (27, 29, 34-36, 37, 40, 41, 47, 53, 54, 57, 61) describes the dynamics of stationary accretion disk with fossil large-scale magnetic field in the kinematic approximation. Parameters of the model are: α, M , physical characteristics of the star: mass M , radius R s , surface magnetic field B s , luminosity L ⋆ , opacity parameters: a, b and κ 0 , dust-to-gas mass ratio Y g , dust size and ionization rates. This system of model equations is closed and it has analytical solution if we use power-law dependence of ionization fraction on density (46) instead of solution of equations (41, 47) .
We use following parameters as fiducial:
At the low temperatures (T < 1000 K) opacity parameters are (see table 1): a = 0, b = 1, κ 0 = 3 × 10 −3 cm 2 /g. With the help of non-dimensional variables
we derive analytical solution describing accretion disk radial structure for f = 1, 
x r = 2.0 × 10 −10 ξ 1/2 
Accretion disk density is determined as ρ = Σ/ (2H) here. Ionization fraction profiles (73) and (74) We derive solution for irradiated disk from equations (27, 29, 34, 35, 46, 53, 54, 57, 61) using temperature profile (40) instead of solution of equation (36), (83) 
Power-law solution (67-72) is analogous to those derived by Shakura and Sunyaev (1973) for viscous accretion disks around black holes. Accretion disks of young stars are so cold that dust grains make main contribution to the opacity. Temperature in accretion disk of young stars is larger than dust evaporation temperature ∼ 2 × 10 3 K only at r 0.15 AU according to (68) for fiducial parameters. Opacities due to molecules dissociation and atoms ionization dominate here (rows 7-9 in the table 1). Solution similar to (67-72) can be derived for gas opacity dominated region, but we do not present it here because the corresponding region is very small.
Equations of the model are non-linear if we take into account thermal ionization, and analytical solution for the ionization fraction and magnetic field components cannot be obtained. Ionization fraction is large near the accretion disk inner boundary where thermal ionization of metals operates: x > 10 −5 at r < r xT according to (49), where r xT ≡ r 10 3 K ≃ 0.3 AU as it follows from (68). Magnetic field diffusion is inefficient in this region.
Accretion disks are cold (T < 2 × 10 3 K) at the distances r > 0.15 AU, so radiation transfer is determined by dust opacities (rows 1-6 in the table 1). Comparison of (68) and (81) shows that irradiation temperature of the accretion disk is higher than temperature due to viscous heating at the distances further than 
Viscous heating dominates at r < r v . Solution (67-80) describes this region. Region where stellar radiation is the dominant heating mechanism, r > r v , is characterized by solution (81-93).
Slope of the surface density radial profile at r < r v is quiet flat, Σ ∝ r −3/8 , in comparison with very steep profile in MMSN, Σ ∝ r −3/2 . Surface density in our solution, Σ(1 AU) = 230 g cm −2 , is less than standard value 1700 g cm −2 in MMSN. Surface density slope is more steep, Σ ∝ r −1 , at r > r v . Scale height radial profiles (71) and (84) show that H/r ≈ 0.03 ≈ const. This result confirms our assumption that the accretion disk is geometrically thin, H/r ≪ 1.
We determine accretion disk outer boundary r out as the contact boundary. Density in molecular cloud cores n ≈ 10 9 cm −3 and temperatures T ≃ 20 K (Andre et al. 1993) . It follows from (81) and (83) that r out ∼ 140 AU for the accretion disk of solar mass star.
Equation (69) shows that surface density is more than attenuation length of the cosmic rays ∼ 100 g/cm 2 at distances less than several AU. Therefore, ionization fraction is very small x g (1 AU) ≃ 10 −14 according to (73) . Density decreases with distance (70, 83) that leads to increase of the ionization fraction. Ionization fraction profile slope is more steep in the case of recombinations on the dust grains (73, 86) than in the radiative recombinations case (74, 87). Equations (73) and (74) show that ionization fraction at r = 1 AU is 5 orders of magnitude smaller in the case of recombinations on the dust grains than in the pure radiative recombinations case. Ionization fraction reaches 10 −10 near the outer boundary in the case of recombinations on the dust grains (86), while x(r out ) ≃ 2 × 10 −8 in the case of radiative recombinations (87).
Frozen-in vertical component of the magnetic field depends on r as B z = 0.29 r −3/8 AU Gs (75) at r < r v . Ionization fraction is very low , x < 10 −14 , at r xT < r < r v according to (73) . Effective MAD leads to reduction of B z by order of magnitude comparing to frozen-in field at r = 1 AU, so that B z = 0.024 r −15/32 AU Gs (76). Comparison of dependences (77), (78) and (79), (80) show that OD is the main magnetic diffusion mechanism at r xT < r < r v . Ohmic diffusion is more efficient than MAD at r < r OD ≃ 14 AU according to dependences (91) and (93). Magnetic field is quasi-poloidal in this region, B z ≫ B ϕ ≫ B r at r xT < r < r OD .
Magnetic ambipolar diffusion is the main magnetic diffusion mechanism at distances r > r OD , B r and B ϕ decrease with distance here: B r = 0.011 r (88) and (89) shows that MAD becomes inefficient near r out where x 10 −10 and B r (r out ) ≃ 1 mGs, B ϕ (r out ) ≃ 17 mGs and B z (r out ) ≃ 2 mGs. Hence, magnetic field has quasi-azimuthal geometry (B ϕ > B z > B r ) in the outer region of the accretion disk.
Numerical solution
System of equations (27, 29, 33-34, 41, 47, 53, 54, 57, 61 ) is essentially non-linear when OD and MAD, shock and thermal ionization are taken into account simultaneously. We solve these equations numerically in the distance range between r in and r out on the log-scaled space grid. Accretion disk inner boundary r in is determined by the radius of the magnetosphere that is calculated from the balance between viscous and Maxwell stresses ρV r V ϕ = B z B ϕ /(4π),
where it is adopted that H/r = 0.1 and B s ∼ B ϕ ∼ B z at r in . At first step of calculation, we determine temperature T , surface density Σ, scale height H and radial velocity V r by solving equations (27, 29, (34) (35) (36) with opacity parameters from the Table 1 . We use a simple approach in order to take into account stellar irradiation. If midplane temperature calculated from (36) is lower than the irradiation temperature (81) then T is replaced by T irr . At the next step, we substitute temperature and density into the ionization subsystem (41, 47) , that is solved using the iterative Newton method.
After calculation of ionization fraction x and conductivity σ, we determine the vertical magnetic field component from the equations (57, 61). Finally, radial and azimuthal magnetic field components are calculated from (53, 54). We use coefficient of MAD in the form η ad = B 2 z /(4πxρ 2 η in ), so equations (53, 54) are linear. As it was found in the previous section, OD and MAD are inefficient in the innermost thermally ionized region of the accretion disk (r 0.3 AU). Differential rotation leads to generation of the strong azimuthal magnetic field component in this region. We propose that buoyancy limits B ϕ . According to Parker (1979) , strength of the azimuthal component of the magnetic field is determined from equality of rise time of azimuthal magnetic flux tubes and time of magnetic field generation. We assume that terminal velocity of rise is equal to the Alfven velocity V aϕ = B ϕ / √ 4πρ and corresponding time is t b = H/V aϕ . Time of B ϕ generation up to value of B z follows from (24)
i.e. it is several times larger than rotation period 2π/Ω k . Equality of t b and t ϕ gives
We assume that azimuthal component of the magnetic field is determined from (97) in the regions where OD and MAD are ineffective. Following parameters are used in our calculations: α = 0.01, B s = 2 kGs, R s = 2 R ⊙ (Yang and Johns-Krull 2011). We carry out calculations for stellar masses M = 0.5 − 2 M ⊙ and use observational correlations of stellar luminosity and accretion rate with stellar mass. Dimensionless accretion rate,ṁ = m 2 (Fang et al. 2009 ). Accretion disk mass is calculated as
density. Definitions of accretion disk mass (98), inner boundary (95) and outer boundary (contact boundary) together with equations (81-83) yield that M disk = 0.027 M ⊙ , r in = 0.052 AU and r out = 140 AU at the fiducial parameters.
Accretion disk structure
In figure 1 , we plot accretion disk temperature (panel a) and surface density (panel b) calculated for the fiducial parameters. Figure 1(a) shows that accretion disk temperature is determined by viscous heating at distances less than r v ∼ 2 AU, and by stellar irradiation at larger distances. Variation of slope of temperature radial profile at r < r v is due to dust evaporation and corresponding variation of opacity. Midplane temperature T is larger than the effective temperature T eff at distances less than ∼ 20 AU, because accretion disk is optically thick to its own radiation in this region. Typical slope of Σ(r) is −3/8 at r < r v according to analytical solution (69). Surface density decreases with distance more rapidly, Σ ∝ r −1 in region of dominant heating by stellar radiation, r > r v , in accordance with the analytical solution (82). Typical surface density slopes agree with observational ones (Williams and Cieza 2011) . We note that the surface density profile introduced in MMSN model is much steeper, Σ ∝ r −3/2 .
Ionization fraction
We consider shock ionization by cosmic rays, XRays and radionuclides. Cosmic rays ionization rate (Spitzer and Tomasko 1968) -cosmic rays attenuation length. We use two values of cosmic rays ionization rate coefficient, ξ 0 = 10 −17 s −1 (Spitzer and Tomasko 1968) and ξ 0 = 10 −16 s −1 (e.g., Sorochenko and Smirnov 2010) . Ionization rate by stellar X-rays is calculated using approximation from Bai and Goodman (2009) ,
where L XR is the X-ray luminosity of the star, column density N (r, z) = Σ(r, z)/m n . Adopted approximation corresponds to photons energy kT XR = 3 keV and height of the X-ray source above the midplane R XR = 10 R ⊙ , so that ξ 1 = 6 × 10 −12 s −1 , ξ 2 = 10 −15 s −1 , N 1 = 1.5 × 10 21 cm −2 , N 2 = 7 × 10 23 cm −2 , a 1 = 0.4, b 1 = 0.65. Surface density Σ(r, z) is determined by integration of hydrostatic density profile (28) from z to z 0 ≫ z. We vary X-rays luminosities in the range L XR = 10 29 − 10 32 erg s −1 according to observations (Casanova et al. 1995) . We use following ionization parameters as a fiducial: a d = 0.1 µm, ξ 0 = 10 −17 s −1 , L XR = 10 30 erg s −1 . Ionization by 40 K with the rate ξ RE = 6.9 × 10 −23 s −1 (Sano et al. 2000 ) is also taken into account.
Radial profiles of the ionization fraction in the midplane of the accretion disk of solar mass star are plotted in the panel (a) of the figure 2. Figure 2(a) shows that the ionization fraction radial profile is non-monotonous. Ionization fraction is minimal, x min ≈ 10 −15 at r ∼ 0.3 − 0.4 AU, in the case of recombinations on dust grains with a d = 0.1 µm. Ionization fraction increases at larger distances, where ionization by cosmic rays and X-rays is more effective. Thermal ionization takes place at smaller distances, r < 0.3 AU, and it leads to fast increase of x approaching to the star.
Growth of dust grain size in 10 times leads to order of magnitude growth of the ionization fraction. This is because dust grains cross-section is proportional to a 2 d and dust-to-gas density ratio X d is proportional to a (43, 45) . Ionization fraction is larger by several orders of magnitude in the case of radiative recombinations, so that x min ≈ 10 −11 . Small peaks on the x(r) dependence at r ≃ 1 AU are related to evaporation of the ice dust grains.
Midplane ionization fraction radial profiles for different ionization rates are plotted in the panel (b) of the figure 2. Comparison of x(r) dependences between each other shows that growth of cosmic rays ionization rate by order of magnitude leads to growth of midplane ionization fraction by order of magnitude (see expres- (86) and (87). Right: Radial profiles of midplane ionization fraction for different ionization rates.
sion (45)). Midplane ionization fraction is less sensitive to X-ray luminosity. Growth of L XR in 100 times leads to nearly order of magnitude increase of midplane ionization fraction at the distances r > 1 AU.
Fossil magnetic field of accretion disk
In this section, we calculate radial profiles of the fossil magnetic field components and analyse magnetic field geometry. Absolute values of magnetic field components are plotted in the figures.
Vertical magnetic field
Calculated radial profiles of vertical magnetic field component in the accretion disk of solar mass star are plotted in the panel (a) of figure 3. Panel (b) of the figure 3 shows corresponding plasma parameter profiles in the midplane of the accretion disk,
Figure 3(a) shows that MAD leads to reduction of B z by order of magnitude comparing to the frozen-in field at r > 0.5 AU. Plasma parameter corresponding to the frozen-in magnetic field depends on distance as β z ∝ r −3/4 and it equals ∼ 10 3 at r = 3 AU ( figure  3(b) ). Dependence is more steep, β z ∝ r −3/2 , and β z ∼ 10 4 − 10 5 at r = 3 AU, in the case of efficient MAD.
Plasma parameter β z ≈ 10 − 10 2 in the outer regions of the accretion disk.
Comparison of frozen-in and MAD-profiles of B z allows to conclude that region of effective MAD, acting in r-direction, occupy significant part of the accretion disk from ionization minimum up to accretion disk outer boundary in the case of recombinations on dust grains. It should be noted that the profile of frozen-in B z is very similar to the magnetostatic profile B ∝ ρ 1/2 that we used in the previous work (Dudorov and Khaibrakhmanov 2013a) . Table 2 shows stellar mass dependence of B z strength at three typical distances. Non-dimensional stellar mass is shown in the first column. Stellar magnetic field at the inner boundary of the accretion disk, B s (r in ), is shown in the second column. Slash in the columns 3-5 separates values of frozen-in B z and that calculated taking into account MAD, B mad z . Strengths of B z at the inner boundary of accretion disk (column 3), at 3 AU (column 4) and at the outer boundary r out of the accretion disk (column 5) are shown. Corresponding values of r in and r out are presented in the brackets in columns 2 and 5. Dash in the last row, column 3 means absence of solution. This can be explained in the following way. Midplane temperature rises above 3000 K at the distances r < 0.1 AU for m ≥ 2 anḋ M ≥ 4 × 10 −8 M ⊙ /yr. Non-monotonous behaviour of opacity κ(T ) at temperatures T > 3000 K leads probably to thermal instability. Bell and Lin (1994) pointed out that inner regions of the accretion disk cannot be correctly investigated in stationary approach. Table 2 shows that strength of frozen-in vertical magnetic field increases with stellar mass. Accretion disks of more massive stars are denser. Magnetic field increases with density growth according to (57, 62) and therefore amplification of the magnetic field is stronger in accretion disks of massive stars comparing to lowmass stars. Strength of B z is (0.6 − 5) Gs at the accretion disk inner boundary which is several times lower than corresponding strength of stellar magnetic field B s (r in ) = (3 − 30) Gs. MAD is inefficient in this region according to figure 3. Strength of frozen-in B z at the distance r = 3 AU is (0.03 − 0.13) Gs depending on stellar mass. Efficient MAD leads to nearly one order of magnitude decrease of B z , so that B mad z = (11 − 20) mGs at r = 3 AU depending on the stellar mass. MAD is inefficient near the accretion disk outer boundary and the B z (r out ) ∼ (1.1 − 1.5) mGs.
Magnetic field geometry
We discuss geometry of the magnetic field calculated at the fiducial accretion disk and ionization rate parameters in this section. Effects of dust grain sizes, cosmic rays ionization rate and X-Ray luminosity on the magnetic field strength and geometry are considered.
A. Dependence on dust parameters. We plot magnetic field components versus the radial distance calculated at the different recombinations mechanisms and dust grains size in the top panels (a and b) of the figure 4. Radial profiles of the magnetic field components are calculated at the height z = H.
In figures 4(c, d) we show dependences of typical magnetic diffusion and dynamical times on r. All dependences correspond to the height z = H. Accretion disk lifetime is defined as t disk = M disk /Ṁ . Time for OD t od = H/η od and for MAD t mad = H/η mad , since magnetic diffusion acts in z direction in the considered case. Azimuthal component of the magnetic field generation time t ϕ is estimated according to (96), and time of the B r generation is defined as t r = H/V r . It follows from equations (55) that t r /t ϕ ≃ 3/(2α) so t r is approximately in α −1 times larger than t ϕ . We assume that magnetic diffusion is effective if diffusion time is less than generation time and accretion disk lifetime. Figures 4(a, b) show that fossil magnetic field is amplified in 10 2 −10 5 times during accretion disk formation and evolution comparing to the magnetic field of protostellar clouds cores, B 0 ≃ 10 −5 Gs. Amplification is stronger in the inner regions of the accretion disk where accretion velocity and density are larger. Figures 4(a, c) show that there are three regions in accretion disk with various magnetic field geometry in the case of recombinations on dust grains. a) OD and MAD are inefficient in the inner thermally ionized regions: t od , t mad > t r , t ϕ at r < 0.5 AU. Evolution of the magnetic field probably is nonstationary in this region. We assume that strength of the azimuthal component of magnetic field B ϕ ≃ 10 Gs is limited by buoyancy. Magnetic field has the quasiazimuthal geometry B ϕ > B z , B r in this region.
b) Ohmic diffusion prevents B r and B ϕ generation in the region of lowest ionization fraction ("dead" zone, see next section): t od < t r , t ϕ at r ∈ [0.5, 3] AU. Magnetic field geometry is quasi-poloidal in this region,
c) Magnetic ambipolar diffusion prevents the generation of B r in the outer regions of the accretion disk, t mad < t r at r > 10 − 20 AU. Figure 4 (c) shows that t mad > t ϕ in this region, i.e. B ϕ is efficiently generated, B ϕ ∼ B z . Magnetic field is quasi-azimuthal in this region, B ϕ ≃ B z > B r .
Figure 4(a) shows that intensity of magnetic field at r > 0.3 AU is nearly order of magnitude higher in the case a d = 1 µm comparing to the case a d = 0.1 µm. This is explained by the fact that ionization fraction is higher in case a d = 1 µm (see the figure 2(a) ) and magnetic diffusion is less efficient. Geometry of the magnetic field is also quasi-poloidal at r ∈ [0.5, 1 − 2] AU for a d = 1 µm. B r is comparable with the strength of B z at larger distances for a d = 1 µm, since the ionization fraction is higher in this case comparing to the case a d = 0.1 µm, and hence MAD of B r is less efficient. Magnetic field is quasi-radial near the accretion disk outer boundary in the case of large dust grains,
In the pure radiative recombinations case, magnetic field is coupled to the matter: figure 4(d) shows that MAD is inefficient throughout the disk, t mad > t r , t ϕ , and OD prevents B r generation only in the narrow distance range: t od < t r at 0.1 AU < r < 1 AU. Strength of the azimuthal magnetic field component is limited by buoyancy in this case, and B ϕ ≃ B z . Magnetic field is dynamically important under such circumstances. OD and MAD of B r are inefficient at r > 1 AU. In this case, quasi-radial geometry of the magnetic field B r B z ≃ B ϕ may be responsible for generation of magneto-centrifugal winds in accordance with the criterion of Blandford and Payne (1982) . We expect nonstationary behaviour of the magnetic field in this case.
B. Dependence on ionization rates. Figure 5 shows dependence of magnetic field on ionization rates parameters, ξ 0 and L XR . In the panel (a), we plot radial profiles of magnetic field components for fiducial ionization parameters. In figure 5(b) we vary cosmic rays ionization rate and X-ray luminosity in order to investigate their influence on the magnetic field geometry.
Increase of cosmic rays ionization rate from 10 −17 s −1 to 10 −16 s −1 leads to increase of the ionization fraction in ∼10 times (see figure 2) . The MAD is less efficient in the case 10 −16 s −1 and magnetic field strength is larger by order of magnitude comparing to the case ξ 0 = 10 −17 s −1 , as figure 5(b) shows. Magnetic field is quasi-radial near the accretion disk outer edge under such circumstances, B r ≃ B z ≃ B ϕ , apart from the case ξ 0 = 10 −17 s −1 when magnetic field is quasi-azimuthal B r < B z ≃ B ϕ (as in the figure 5(a) ).
Figure 5(b) shows that growth of X-Rays luminosity by factor 100 leads to increase of B r by a factor 5-10 at distances 1 − 100 AU. Vertical and azimuthal magnetic field components are frozen-in at distances r > (3 − 4) AU. Therefore, magnetic field is quasi-radial, B r ≃ B z ≃ B ϕ , in the outer regions of accretion disk in the case of high X-rays luminosity, L XR > 10 30 erg s −1 .
C. Dependence on accretion rate. Figure 6 shows dependence of magnetic field components on the accretion rate. We carry out calculations forṀ = 10 −8 M ⊙ /yr andṀ = 10 −7 M ⊙ /yr. Smaller accretion rates correspond to more advanced stages of accretion disk evolution. Figure 6 shows that the magnetic field generally decreases as the accretion rate decreases. Density and temperature are smaller and generation of magnetic field is less efficient in accretion disks with smaller accretion rates. Mass accretion rate variation influences the strength of the magnetic field, while its geometry preserves, as figure 6 and analytical solution (75) (76) (77) (78) (79) (80) (88) (89) (90) (91) (92) (93) show.
Dead zones
We treat "dead" zones as the regions of low ionization fraction and/or efficient magnetic diffusion. Magnetic diffusion suppresses MRI and hence MHD turbulence generation. Several different criteria of MRI dumping by magnetic diffusion were proposed: using MRI critical wavelength, magnetic Reynolds number and Elsasser number (see Mohanty et al. (2013) ). Some uncertainty exists in definition of the critical magnetic Reynolds number. We adopt that MRI is suppressed if critical wavelength λ cr exceeds scale height at given point of the disk. Critical wavelength in case of efficient magnetic diffusion is (e.g. Kunz and Balbus 2004) 
where Alfven velocity V az = B z / √ 4πρ. We define OD-"dead" zone as the region where OD suppresses MRI, and MAD-"dead" zone as the region where MAD suppresses MRI, according to criterion λ cr > H. "Dead" zone boundary is determined as the locus λ cr /H = 1. Surface density of the active layer is calculated as
ρdz where z dz is the z-coordinate of the upper boundary of the "dead" zone. Figure 7 shows the structure of the "dead" zone in the accretion disk of T Tauri star at the fiducial parameters. In figure 7 (a), we plot ionization fraction distribution in r−z plane and boundaries of the "dead" zone. Surface density profiles of the active layers are shown in the figure 7(b). Ionization fraction is the main parameter determining efficiency of OD and MAD. Boundary of the "dead" zone approximately coincides with the isosurface of critical ionization fraction (Gammie 1996) . Since ionization fraction has minimum at r ∼ 0.3 AU (see section 4.2), "dead" zone has inner and outer boundaries. We denote coordinates of these boundaries as r dz in and r dz out , respectively. Surface density of the active layer is equal to the total accretion disk surface density at r < r dz in and r > r dz out . Inner boundary of the "dead" zone is situated near the accretion disk inner boundary and it is not seen in the figure 7(a), where linear scale for distance r is used. Figure 7 (b) shows that OD-"dead" zone is situated at distances from ∼ 0.2 AU to ∼ 10 AU. Ionization fraction x ∼ 10 −12 at its boundary, as figure 7(a) shows.
MAD-"dead" zone is located in the region from ∼ 0.3 AU to ∼ 14 AU. Hence, "dead" zone outer boundary is determined by MAD at the adopted parameters. Surface density of the active layer is lower than cosmic rays attenuation length. Although cosmic rays penetrate almost to the midplane, ionization fraction is small up to height z ≃ H because of efficient recombinations on the dust grains. Ionization fraction exceeds boundary value 10 −13 − 10 −12 at the high altitudes z ≃ H, according to the figure 7(a). 
Dependence on ionization rates
We calculate the surface density of active layer for different ionization rates and dust grain sizes. We vary one parameter in each calculation while fiducial values of the rest parameters are used.
As it was found in the section 4.2, growth of dust grain size in 10 times leads to increase of the ionization fraction in 10 times. Consequently, size of the region of the efficient magnetic diffusion decreases. We found that the outer boundary of the "dead" zone is situated closer to the star, r dz out ≃ 5 AU in the case a d = 1 µm comparing to the case a d = 0.1 µm for which r dz out ≃ 14 AU. Surface density of the active layer is several times larger in the disk with large dust grains (a d = 1 µm) in comparison to the disk with the small dust grains (a d = 0.1 µm).
Ionization fraction increases by several orders of magnitude in the case of radiative recombinations. Our calculations show that OD-"dead" zone is situated between r dz in ≃ 0.3 AU and r dz out ≃ 0.5 AU in this case. Surface density of the active layer > 100 g cm −2 here. MAD is inefficient in the case of radiative recombinations (see section 4.3.2) and it does not lead to "dead" zone formation.
Outer boundary of the "dead" zone is situated at r dz out ≃ 4 − 6 AU in the case when ξ 0 = 10 −16 s −1 that is in 10 times larger then the fiducial value. Surface density of the active layers is almost the same as for ξ 0 = 10 −17 s −1 . Increasing of the X-ray luminosity by factor 100 also leads to reduction of the "dead" zone sizes. Outer boundary of the "dead" zone is placed at r dz out ≃ 7 AU in the case of high X-ray luminosity, L XR = 10 32 erg s −1 . Surface density of active layers Σ al 30 g cm −2 under such circumstances. Our calculations show that varying ionization parameters affect only outer boundary of the "dead" zone and surface density of the active layers. OD determines the inner boundary of the "dead" zone. This boundary is situated in the region of metals thermal ionization at the distance r ∼ 0.2 AU for solar mass star. Assuming that thermal ionization begins at T = 1000 K, we derive following estimation for r dz in from the analytical solution (68)
Estimation (104) agrees with the approximation of Kretke et al. (2009) . Table 3 shows the accretion disk and "dead" zone characteristics calculated for different stellar masses in the case of recombinations on the dust grains. Fiducial ionization parameters are used. Non-dimensional stellar mass and luminosity are shown in the columns 1 and 2, respectively. Positions of the accretion disk inner and outer boundaries, masses of the accretion disks are listed in columns 3-5. Positions of "snow" line (r sl , distance where ice evaporation begins, at T = 150 K) at the midplane of the accretion disk are shown in the column 6. Positions of the "dead" zone inner r dz in and outer boundaries r dz out , mass contained in the "dead" zone M dz (in Jupiter masses) are listed in the columns 7-12. Critical ionization fraction at the "dead" zone boundaries x cr is shown in the columns 13 and 14. Columns 7, 9, 11 and 13 show characteristics of the OD-"dead" zone, columns 8, 10, 12, 14 -of the MAD-"dead" zone. Table 3 shows that the inner boundary of the "dead" zone is situated at r = 0.1 − 0.6 AU depending on stellar mass which agrees with analytical estimation (104).
Dependence on stellar masses
Comparison of the columns 9 and 10 shows that MAD-"dead" zone extent is by 3-4 AU larger than OD-"dead" zone extent for m > 0.5, r dz out = 3−21 AU depending on stellar mass. This result agrees with results of section 4.3.2 indicating that MAD is the main magnetic diffusion mechanism in the outer accretion disk regions.
Ionization fraction is lower and magnetic diffusion is more efficient in the accretion disks of massive stars, since these disks are denser. Consequently, size and mass of the "dead" zone increase with stellar mass. In the accretion disk of solar mass star r dz out ∼ 14 AU and M dz = 1.0 M J . These values are comparable with corresponding protosolar nebula parameters (Weidenschiling 1977) . "Snow" line lies inside "dead" zone for all stellar masses.
We adopted standard dust-to-gas mass fraction Y g = 0.01 in the calculations. Hence, total mass of solid particles inside "dead" zone is 0.13, 3.2, 13.0 and 19.0 M ⊕ for stars with masses 0.5, 1, 1.5 and 2 M ⊙ , respectively. Mass of solid material contained in the "dead" zones is more than 3 M ⊕ in accretion disks of stars with M ≥ 1 M ⊙ . This mass of dusty material is sufficient for formation of several embryos of the Earth type planets in this region. Formation of solid cores with mass M c > 10 M ⊕ can trigger gas giant planet formation by core accretion (Armitage 2010) .
Ionization fraction x cr ∼ 10 −13 −10 −12 at the boundary of the "dead" zone. Boundary ionization fraction x cr is several times larger for MAD-"dead" zone than for OD-"dead" zone.
Discussion and conclusions
We elaborate kinematic MHD model of accretion disks of young stars. The model is based on Shakura and Sunyaev approximations. Magnetic field is calculated from stationary induction equation taking into account the ohmic diffusion (OD), magnetic ambipolar diffusion (MAD) and buoyancy. Ionization fraction is determined taking into consideration thermal ionization of metals and shock ionization by cosmic rays, X-rays and radioactive elements. Recombinations on dust grains, radiative recombinations and dust evaporation are included in the ionization model. Accretion disk sizes and masses calculated in the frame of our model agree with observations. Inner boundary of the accretion disk is placed at the distances r = 0.03 − 0.09 AU (several stellar radii), outer boundary is placed at r = 70 − 270 AU depending on stellar mass in the interval 0.5-2 M ⊙ . Corresponding masses of accretion disks equal 0.003-0.17 of solar mass. We derive an analytical solution of the model equations in the case when dependence of ionization fraction on gas density is the power-law function.
Attenuation of cosmic rays and X-rays leads to decrease of ionization fraction to extremely low values ∼ 10 −16 − 10 −14 in the inner dense cold regions of accretion disk in the case of recombinations on the dust grains. Magnetic diffusion is efficient in this region of lowest ionization fraction ("dead" zone). OD develops in the "dead" zone mainly where ionization fraction is minimal. MAD operates in the outer regions of the accretion disk. Magnetic field is frozen-in near the inner boundary of the accretion disk, where thermal ionization of metals with low ionization potential takes place.
The fossil magnetic field of accretion disks of young stars has complex geometry. Initially uniform magnetic field of parent protostellar clouds transforms in accretion disk. All three components of the magnetic field are not zero. Differential rotation generates azimuthal component of the magnetic field. Accretion generates radial component of the magnetic field. We derive the following estimation for geometrically thin disk: B r ≃ 2/3 αB ϕ , were α is Shakura and Sunyaev parameter. Hence, radial component B r typically is much smaller than the azimuthal component B ϕ while their dependence on radial distance is the same.
The magnetic field is qiasi-poloidal in the dusty "dead" zones. Estimations of the characteristic times of magnetic diffusion show that times of OD and MAD are less than lifetime of accretion disk in "dead" zones. Therefore, magnetic field geometry remains purely poloidal in this region. Strength of the vertical magnetic field is B z ≃ (10 − 20) mGs at r = 3 AU depending on stellar mass, M = 0.5 − 2 M ⊙ . Sedimentation of charged dust grains is possible in the "dead" zones along magnetic field lines.
Magnetic field is coupled to the matter in the inner regions, r 0.3 AU. Magnetic field is quazi-azimuthal in this region. Strength of magnetic field is comparable with stellar magnetic field strength at the accretion disk inner boundary, which equals 5-30 Gs depending on stellar mass. This means, that accretion disk inner boundary must be determined taking into account pressure of the accretion disk magnetic field. Interaction of the stellar magnetic field and accretion disk magnetic field near the accretion disk inner boundary may lead to current sheet formation that can become an additional source of X-ray activity of stellar magnetospheres.
Magnetic field is quazi-azimuthal or quasi-radial in the outer regions of the accretion disk depending on intensity of ionization mechanisms. Growth of dust grains to a d ≥ 1 µm, or increase of cosmic rays ionization rate to 10 −16 s −1 , or increase of X-rays luminosity to 10 32 erg s −1 are necessary to form quasi-radial magnetic field. The quasi-radial geometry of the magnetic field may be responsible for generation of magnetocentrifugal winds in the outer regions of the accretion disks owing to the criterion of Blandford and Payne (1982) .
Midplane ionization fraction does not fall below 10 −11 in the case of radiative recombinations. Magnetic diffusion is inefficient and magnetic field is coupled to gas throughout the accretion disk. Vertical magnetic field is proportional to the surface density in this case. Our calculations show that B z (3 AU) = (0.03 − 0.13) Gs depending on stellar mass. Magnetic field is quasi-azimuthal, and B ϕ ≃ B z at the distances less than several AU. Magnetic field is quasi-radial and magnetically-driven outflows are possible in the outer regions of accretion disks.
Complexity of the fossil magnetic field geometry in accretion disks of young stars makes its investigation with Zeeman experiments and polarization measurements difficult. It requires resolution 0.1 AU at minimal distance 1 pc that corresponds to angular resolution 10 −6 angular seconds. However, it is doubtful that, at present time, separation of Zeeman lines splitting from turbulent broadening of the lines in the accretion disk is possible. This is feasible for the "dead" zones only.
"Dead" zones are very attractive for observations, both in terms of measurements of magnetic field strength, considering it is poloidal, and in terms of Earth type planet formation. Turbulence is weak and dust sedimentation is efficient here. Our calculations show that MAD determines the outer boundary of the "dead" zone for stars with M > 0.5 M ⊙ . Outer boundary of the "dead" zone is placed at the distances 3-21 AU depending on the stellar mass in the case of recombinations on dust grains.
In the case when dust is present in the disk, surface density of active layers is ∼ 10 g cm −2 at r ∼ 1 AU for typical parameters, i.e. "dead" zone occupies significant part of accretion disk thickness. Angular momentum transport by MRI-induced turbulence is inefficient under such circumstances. Tension of large-scale magnetic field lines may be responsible for the angular momentum transport in this region.
Mass of solid material inside "dead" zones in accretion disks of stars with M ≥ 1 M ⊙ is more than 3 M ⊕ . This mass is sufficient for formation of several embryos of the Earth type planets in this region. Collisional formation and growth of planetesemals are the possible mechanisms of embryos formation (Safronov 1972) .
Our work is the step forward in the investigations of magnetized accretion disks of young stars comparing to existed semi-analytical investigations. In order to calculate magnetic field strength and geometry, we incorporate induction equations into the accretion disk model. Adopted kinematic approximation allows us investigate magnetic field structure with the help of quite simple semi-analytical equations of the model. We investigate ohmic diffusion and magnetic ambipolar diffusion in detail without paying attention to the Hall effect that is believed to influence the evolution of MHD turbulence in accretion disks of young stars (e.g., Wardle and Salmeron 2012) . Turbulence in the accretion disks also must influence magnetic field dissipation and generation. We intend to investigate the Hall effect and turbulent diffusion influence on the fossil magnetic field strength and geometry in accretion disks in our next paper. In order to improve elaborated model, we need to take into account dynamical influence of magnetic field on the accretion disk structure.
